Mutations in Parkin are one of the predominant hereditary factors found in patients suffering from autosomal recessive juvenile Parkinsonism. Parkin is a member of the E3 ubiquitin ligase family that is defined by a tripartite RING1-in-between-ring (IBR)-RING2 motif. In Parkin, the IBR domain has been shown to augment binding of the E2 proteins UbcH7 and UbcH8, and the subsequent ubiquitination of the proteins synphilin-1, Sept5, and SIM2. To facilitate our understanding of Parkin function, the solution structure of the Parkin IBR domain was solved by using NMR spectroscopy. Folding of the IBR domain (residues M327-S378) was found to be zinc dependent, and the structure reveals the domain forms a unique pair scissor-like and GAG knuckle-like zinc-binding sites, different from other zinc-binding motifs such as the RING, LIM, PHD, or B-box motifs. The N terminus of the IBR domain, residues E307-E322, is unstructured. The disease causing mutation T351P causes global unfolding, whereas the mutation R334C causes some structural rearrangement of the domain. In contrast, the protein containing the mutation G328E appears to be properly folded. The structure of the Parkin IBR domain, in combination with mutational data, allows a model to be proposed where the IBR domain facilitates a close arrangement of the adjacent RING1 and RING2 domains to facilitate protein interactions and subsequent ubiquitination.
P
arkinson's disease (PD) is a common neurodegenerative disease characterized by damage to the dopaminergic neurons of the substantia nigra of the midbrain manifesting itself with symptoms such as tremors, rigidity, and bradykinesia (1, 2) . Autosomal recessive juvenile PD (ARJP) is an early-onset (Ͻ40 years of age) form of the disease that is caused by hereditary factors including mutations in the genes DJ-1, PINK1, and in about half of the cases, parkin. The protein Parkin has been identified as an E3 ubiquitin-protein ligase of the ubiquitin-proteosome system that is required to maintain cellular protein quality control by removing misfolded or damaged proteins (3, 4) . Ubiquitin mediated proteolysis occurs through a cascade of ubiquitin transfers from an E1 activating enzyme, to an E2 conjugating enzyme and finally in complex with an E3 ligase to the target substrate (5, 6) . At least 40 different missense and deletion mutations in the parkin gene have been identified and correlated to dysfunction of the ubiquitination system, manifesting itself as ARJP due to the loss of the dopaminergic neurons (7) .
Parkin is a 465-residue protein comprising an N-terminal ubiquitin-like domain, a unique Parkin-specific domain in the central region, and two RING finger domains (RING1, RING2) separated by an in-between ring (IBR) or double ring linked domain near its C terminus. The cysteine and histidine rich RING-IBR-RING (RBR) domain architecture is highly conserved and found only in eukaryotes. To date, all characterized proteins containing the RBR supradomain have been found to possess E3 ligase activity (8) . Based on sequence analysis, each RING domain in Parkin is expected to bind two zinc ions in a cross-brace fashion using a C 3 HC 4 motif. However, the recently solved structure of the human homologue of Drosophila Ariadne (HHARI) RING2 domain indicates only a singly bound zinc ion (9) , suggesting that some diversity exists within these domains. The RING fingers in Parkin have been shown to mediate protein-protein interactions with the E2 conjugating proteins UbcH7 and UbcH8 that are required for ubiquitination. Consistent with its role in ARJP, Parkin is able to ubiquitinate several substrates required for the proper functioning of dopaminergic neurons. These include unfolded Pael-R (10), Oglycosylated ␣-synuclein (11), synphilin-1 (12), ␣-synaptotagmin XI (13), Sept5 (4), and the transcription factor SIM2 (14) among others. Furthermore, ubiquitination of these proteins has been shown to require the C terminal RBR domain of Parkin.
The Parkin IBR domain assists in the recruitment of proteins involved in the ubiquitination pathway. For example, Parkin complexes formed with either of the E2 proteins UbcH7 or UbcH8 are greatly enhanced by the presence of the IBR domain. In the ubiquitination of Sept5, a protein associated with synaptic vesicles, the IBR-RING2 domain accentuates UbcH8 binding and activity (4) . Similarly, the same effect is observed in the binding of synphilin-1 to Parkin (12) . In addition to stabilizing and perhaps controlling E2 and substrate interactions, the IBR domain is required to maintain proper RBR domain geometry crucial in recruiting the chaperone Hsp70 (15), a necessary component in many ubiquitination complexes for the presentation of unfolded substrates. In vitro studies with the RBR E3 ligase HHARI have found that UbcH7 binding and subsequent ubiquitination requires both the RING1 domain and the Nterminal portion of the IBR (16) .
Despite the importance of Parkin's IBR domain in the ubiquitin-mediated proteolysis pathway, there is little known about its structure and how this relates to ubiquitination or interactions with E2 conjugation enzymes or substrates. In this work, we determined the three-dimensional structure of the isolated IBR domain from Parkin using NMR spectroscopy. The structure shows that the IBR possesses two zinc-binding sites that adopt a dual scissor-like and GAG knuckle-like fold. Furthermore, zinc binding is required for the correct folding of the domain as substitution of zinc coordinating residues (C332S, C365S) causes its global unfolding. The missense T351P mutation found in patients suffering from ARJP (17) causes the global unfolding of the IBR domain, whereas the mutation R334C (18) causes some structural rearrangement. Together with previous biochemical data, the structure of the IBR domain has allowed a model to be proposed where the IBR domain orients the adjacent RING1 and RING2 domains to facilitate protein interactions and subsequent ubiquitination.
Results and Discussion
There have been no previous reports of a successful purification of recombinant full-length Parkin or any of its RING1, IBR or RING2 domains. To identify the possible boundaries of the IBR domain, Pfam and SMART databases were explored. Using these as a starting point, a 78-residue stretch from Parkin (residues M307-S384) comprising the IBR domain (IBR 307-384 ) was successfully expressed from Escherichia coli as a soluble protein (2-5 mg per liter of culture). Other constructs of various lengths and starting points either did not express at high levels or were found to be insoluble upon purification.
Parkin IBR Folding Depends on Zinc Binding. The 1 H-15 N HSQC of freshly purified IBR 307-384 showed distinct and well dispersed peaks (Fig. 1a) indicative of a well folded domain for most of this sequence. Size exclusion chromatography indicated the protein was monomeric when compared with molecular weight standards [supporting information (SI) Fig. 6 (Fig. 1b) . Similar observations have been made for the zinc-binding RING domains from HHARI (9) and the RING-H2 domain from the rice protein EL5 (19) , which are also unfolded in the absence of zinc. This indicated that binding of two Zn 2ϩ ions is required for the correct folding of the IBR 307-384 domain.
Parkin IBR Contains Two Zinc-Binding Domains. A total of 95.9% of the proton, nitrogen, and carbon chemical shifts were assigned and used to calculate the three-dimensional structure of IBR . This resulted in a total of 1,263 distance restraints derived from 13 C-edited, 15 N-edited, and 1 H-1 H NOESY spectra (SI Table 1 ). Initial structures were calculated in the absence of Zn 2ϩ ion restraints to determine the overall fold of the domain. In agreement with our inductively coupled plasma mass spectrometry results, examination of the lowest energy structures from these calculations showed two separate well formed zinc sites, indicating that the side chains of C332, C337, C352, and C360 (site I), and C365, C368, H373, and C377 (site II) were involved in zinc coordination. The structures showed these two sites were well separated so that no other coordination possibilities existed. In addition, the algorithm by Kornhaber et al. (20) showed that six of the seven coordinating cysteine residues had a zinc-ligation probability Ͼ90% based on their C␣ and C␤ chemical shifts. A final family of 20 structures was subsequently calculated by using additional distance restraints between the zinc ions and coordinating residues. None of the residues in the set of final structures were found in the disallowed region of the Ramachandran plot.
The IBR 307-384 domain from Parkin adopts a bilobal fold about the two zinc-binding sites (Fig. 2 ). This arrangement brings the N terminus of the domain within close proximity to its C terminus. Although the structure shows no obvious ␣-helical or ␤-sheet secondary structural elements, as supported by chemical shift index calculations and circular dichroism experiments (not shown), the IBR domain was well defined between residues M327 and S378 (rmsd ϭ 0.83 Ϯ 0.17 Å). This fold extends just beyond the consensus sequence originally defined in IBR/double ring linked domain sequence alignments (21). The N-terminal zinc-binding lobe (site I) of the IBR structure is formed by four ribbons that form two elongated loops (L1: G329-L342; L2: V350-A363) arranged such that L1 and L2 lie roughly perpendicular to each other (Fig. 2a) . The two loops are stabilized through the tetrahedral coordination of a Zn 2ϩ ion sandwiched between them that utilizes C332 and C337 from L1 and C352 and C360 from L2 resulting in a ''scissor-like'' configuration with the metal ion at the fulcrum (Fig. 2b) . The structure of the loops, excluding the tips beyond the coordinating cysteines, was significantly better defined (rmsd ϭ 0.43 Ϯ 0.10 Å) than the entire domain and was supported by nOes between the loops from the hydrophobic residues V330, A339, and L341 in L1 to C352 and V350 in L2. A large number of glycine residues in the L2 loop tip (G354, G355, G357, G359) provided minimal long-range contacts, indicating that this region was more flexible than the remaining portion of the site I zinc-binding site. The second Zn 2ϩ -binding region (site II) is considerably more compact than site I, encompassing only 14 residues (F364-C377). In this site, the polypeptide chain wraps around the metal ion, which is coordinated by the side chains of C365, C368, H373, and C377 toward the C terminus of the IBR domain. As with the first zinc-binding site, this site is considerably better defined (rmsd ϭ 0.11 Ϯ 0.04 Å) than the full domain. The structure of site II was supported by a large number of nOes observed between all of the zinc binding residues. The N-terminal 16 residues (M307-E322) and the C-terminal seven residues (S378-S384) of the IBR domain were poorly structured (not shown in Fig. 2 ), in agreement with the clustering of their resonances in the 1 H-15 N HSQC spectrum.
Parkin IBR Is a Template for Other IBR-Containing Proteins.
The IBR domain is a common sequence found in hundreds of E3 ligase proteins in all branches of eukaryotes. It contains two bound zinc ions, bound to C 4 and C 2 HC ligands, the most highly conserved residues in all IBR homologs (Fig. 3) . Although reminiscent of the C 5 (C/H)H 2 sequence used by the type I B-Box domain found in the RBCC/TRIM (RING-one or two B-boxes-coiled coil domains) E3 ligase family of proteins (22) , the zinc sites in the Parkin IBR domain are notably different (described below). The high degree of similarity and location between the ligands in Parkin and other IBR domain proteins indicate these proteins share a common arrangement for zinc coordination. Some variation exists for the number (2-6) of intervening residues between the first two cysteines of L1 (C332, C337) across the IBR domain family (Fig. 3b) . In addition, Parkin is unique amongst the IBR-containing proteins as it contains a linker region between the second pair of cysteine residues (C352, C360) within the L2 loop that extends for three to five more residues than other IBR domains. The structure of Parkin IBR shows that a unique hydrophobic core is maintained (Fig. 3a) that is different from other domains such as RING, PHD, or LIM that typically coordinate two zinc ions (23) . The Parkin structure shows that V330 near the N terminus of L1 makes hydrophobic contacts with L341 and P343 on the opposite site of the loop, and with F364, R366, and K369 near the first two coordinating cysteines (C365, C368) of site II. Analogously, V350 near the N terminus of L2 has numerous contacts with F364 and R366 across this loop and with L341 and P343 from L1. These two hydrophobic residues (V330 and V350) upstream of the initial cysteine residues in IBR are not observed in RING, PHD, or LIM domains (23) . In IBR domains, a bulky aromatic residue (Y372) adjacent to the coordinating histidine (H373) of the second zinc-binding site makes numerous contacts with L2 residues (V350, K349, A363). From this analysis, it is clear that many of the nonpolar core residues identified in the core packing region of the Parkin IBR domain (V330, A338, L341, V350, F364, R366, and Y372) fold are conserved across all RBR proteins and are expected to form the core regions and direct the fold of other IBR domains in proteins such as HHARI and Dorfin (Fig. 3b) .
Parkin IBR Forms a Dual Scissor-Like and GAG Knuckle-Like Structure.
There are several features that indicate the Parkin IBR domain has a unique architecture that has been assembled from other well-characterized zinc-binding motifs. However, the sequential binding of the two zinc ions by Parkin's IBR remains distinct from RING, PHD, and B-box domains that coordinate two zinc ions in a cross-brace fashion (first and third pair, second and fourth pairs of ligands) (24, 25) . In contrast, the IBR domain in Parkin takes on ''scissor-like'' and GAG knuckle-like zincbinding structures for sites I and II respectively. Site I resembles that of a zinc ribbon, one of the largest groups of zinc fingers that includes several of the subunits (rpb1, rpb2, rpb9, rpb12) from RNA polymerase II (1I50), the transcriptional elongation factor SII (1TF1) and the transcription initiation factor TFIIB (1PFT, 1DL6). For example, superposition of the extended regions for L1 and L2 near the four coordinating cysteines of Parkin (V330-C332, C337-A339, V350-C352, C360-F362) results in a backbone rmsd of 1.69 Å with the analogous regions in the RNA polymerase II subunit rpb12, 1.83 Å with the transcription initiation factor TFIIB and 1.28 Å with the putative kinase CV3345 (SI Fig. 7a) . Distinctly, the longer ''tips'' of the L1 and L2 loops are evident giving rise to the ''scissor-like'' arrangement of Site I ( Fig. 2 and SI Fig. 7a ). More importantly, several of the hydrophobes near the fulcrum of the scissor structure are conserved between the domains including V330 (L9 in CV3345, Y29 in rpb12, V13 in TFIIB), L341 (L18 in CV3345, L38 in rpb12, I22 in TFIIB) and V350 (L34 in CV3345, V46 in rpb12, M32 in TFIIB), further supporting the similarity of this portion of the structures.
Site II of the Parkin IBR domain closely resembles the GAG knuckle retroviral nucleocapsid proteins from MMTV (1DSV), HIV (1MFS), and MPMV (1CL4), which display backbone rmsds ranging from 1.42 to 1.97 Å for C365 to H373 of Parkin (SI Fig. 7b ). The GAG knuckle is formed by two cysteines of a rubredoxin type turn followed by the third and fourth ligands flanking a one turn helix (26) . The CX 2 C spacing is invariant in all IBR domains (Fig. 3b) , and the Parkin IBR superimposes well with a backbone rmsd of 0.34 Å with rubredoxin (5RXN) in this region. The turn also possesses signature hydrogen bonds (E367HN and C368HN with the C365 thiol, and E370HN with the C368 thiol) that are typical of members of this zinc knuckle family. The Parkin IBR has HX 3 C spacing forming a short loop in place of the one-turn helix found in the nucleocapsid proteins, but this is unusual among most IBR family members that usually possess four residues between the last two ligands (Fig. 3b) .
Mutations Observed in ARJP Cause Misfolding of the IBR Domain. The onset of ARJP has been correlated with patients possessing one or more missense or truncation mutations in Parkin. In particular, several missense mutations, G328E, R334C, T351P, and V380L, in the IBR domain have been identified (17, 18) . To probe the affect of mutations on the structure and folding of the IBR domain, we studied several proteins containing the disease correlated mutations (G328E, R334C, and T351P), and substitutions to the zinc-binding residues (C332S and C365S) by 1 H NMR spectroscopy. Of these constructs, the protein with the C365S mutation was very poorly expressed and insoluble (not shown), suggesting that this protein adopts an unfolded structure. The C332S substitution also caused unfolding of the entire IBR domain based on analysis of 1 H NMR spectra (Fig. 4, see  below) . Three representative regions of the spectra were chosen to analyze the affect of each mutation. In the parent IBR domain, the most downfield region (Fig. 4a ) displays well resolved amide resonances for several of the zinc-coordinating residues (C332, C352, C360) and key residues in the hydrophobic core (F362, F364, R366). These are not evident in the unfolded C332S protein. The aromatic section of the spectrum (Fig. 4b) displays peaks for Y372, one of the anchoring residues in site II as well as the zinc-ligating residue H373. Finally, the upfield aliphatic region (Fig. 4c) shows the unique side chain resonances for K349(␤1, ␥1, ␥2) and V350(␥1, ␥2) in site I due to their proximity to the aromatic rings of Y372 and F364, respectively, in the IBR structure.
The mutation proteins G328E and R334C display many similar resonances as the parent IBR domain, indicating that the general IBR fold is preserved in these two proteins. This finding is consistent with the locations of these two residues in the IBR structure, as they do not contribute to the hydrophobic core of the protein. Interestingly, the R334C mutant has new resonances in the amide region of its spectrum (Fig. 4a ) that are coincident with the disappearance of R334, and shifts of G361 and F362 amide protons. Further changes are noted for V350(␥1,␥2), one of the bridging residues between the two zinc sites. The remote nature of R334 from G361, F362, and V350 indicates that a structural rearrangement has occurred. We cannot discount the possibility that the R334C protein contributes an extra zinc ligand that might compete with the neighboring coordinating residue (C332). Nevertheless, both G328 and R334 are on the surface of the L1 loop of the IBR structure neighboring a highly conserved hydrophobic residue (L331) that is also exposed (Fig.  5) . The alteration of this region (R334C), or change in its surface properties (G328E), likely interferes with protein interactions across the L1 face. In support of this idea, the G328E and R334C mutations result in decreased binding and ubiquitination of the Parkin substrates synphilin-1 and p38 (27) . Furthermore, the binding of synaptic vesicle protein Sept5, synphilin-1, the transcription factor SIM2 and leucine-rich kinase 2 are each amplified with IBR-RING2 tandem domains compared with the RING2 domain alone (4, 12, 14, 28) . Together with the Parkin IBR structure, this indicates that G328, R334, and likely L331 on the L1 loop form a portion of the interaction site for these substrates, which must be near the RING2 domain to facilitate interactions (Fig. 5) .
The mutations T351P and C332S resulted in 1 H NMR spectra with many broad or missing peaks consistent with a global unfolding of the IBR domain. In particular, neither of these mutants had any downfield-shifted amide resonances for C332, C352, C360, or H373 indicative of zinc-binding to both sites in the IBR domain. Although T351 does not directly contact any residues on the interface with site II, the change to a proline may affect the backbone topology resulting in changes to the proximal core V350 and the zinc binding C352 residues. The T351 methyl also makes key contacts to E353 and G361 keeping the L2 loop intact. A global unfolding of the Parkin by the T351P mutant would dramatically alter its biological properties. For example, the Parkin IBR structure reveals a proximal arrangement of the N and C termini of the domain that would normally be preceded by the RING1 and followed by the RING2 domains, respectively. The proximity of the N and C termini in the IBR structure suggests a role for this domain is to bring the two flanking RING domains close together (Fig. 5) , similar to that observed in the heterodimeric association of the BRCA/BARD1 domains that form an E3 ligase complex (29) . This arrangement would facilitate protein interactions with either RING domain and/or the IBR domain with the E2-conjugating enzymes UbcH7 or UbcH8. In support for this model, coimmunoprecipitation experiments show the E2 proteins UbcH7 and UbcH8 bind to the RING1 and RING2 domains respectively facilitating ubiquitination. In both cases, the IBR domain greatly augments this interaction (4) . For the RBR protein HHARI, the N-terminal region of the IBR domain and RING1 domain are required for interaction with UbcH7 (30) . Based on the enhancement of UbcH7, UbcH8 and substrate binding (synphilin-1, Sept5, SIM2) in the presence of the IBR domain it is clear the T351P mutation would not only disrupt the binding site on the IBR domain surface but would spatially separate the RING1 and RING2 domains due to IBR unfolding. This idea, in combination with the Parkin IBR structure also agrees with the negative modulation of Parkin by either S-nitrosylation or phosphorylation (31) (32) (33) . The only free thiol in the IBR domain (C323) a potential nitrosylation site, and the residue for phosphorylation (S378) are proximal to each other where the N and C termini meet near the edge of zinc site II. The Parkin mutant V380L is also located in this area (Fig. 5 Upper) . It is clear that phosphorylation, nitrosylation, or mutation in this region would modify the arrangement of the N and C termini of the IBR domain and its geometry with respect to the RING1 and RING2 domains affecting its ubiquitination abilities.
In summary, this work has shown that the Parkin IBR domain is a zinc-dependent folding unit with preserved metal ion coordination and hydrophobic core. The IBR structure reveals that it is likely responsible for stabilizing the overall geometry and orientation of the RING domains within the Parkin protein. Furthermore, the sequence similarity of Parkin to other IBR domains should allow it to serve as a template for understanding the IBR role in ARJP and its function in other RING-IBR-RING containing proteins.
Methods
Protein Purification. A human fetal brain serum cDNA library (ATCC, Manassas, VA) was used to clone the Parkin IBR domain (M307-S384) into a modified pET15b vector having a TEV cleavage site. Single site mutations were introduced by using the QuikChange (Stratagene, La Jolla, CA) protocol. Proteins for NMR experiments were expressed by using the E. coli BL21(DE3) bacterial strain in M9 media supplemented with 15 NH 4 Cl (1 g/liter), 13 C-glucose (2 g/liter) and ZnCl 2 (200 M) just before induction at 15°C. Cells were resuspended in buffer (25 mM Tris, 100 mM NaCl, 5% glycerol, and 5 mM imidazole, pH 7.5) and lysed by French press, and the resulting lysate incubated and then eluted from Ni 2ϩ -resin (Qiagen, Mississauga, ON, Canada). The IBR 307-384 protein was purified through a second Ni 2ϩ -affinity column after hexahistidine tag removal leaving two amino acids (GH) as an artifact on the N terminus. 
